ABSTRACT: Mulch materials of different origins have been introduced into the agricultural sector in recent years alternatively to the standard polyethylene due to its environmental impact. This study aimed to evaluate the multivariate response of mulch materials over three consecutive years in a processing tomato (Solanum lycopersicon L.) crop in Central Spain. Two biodegradable plastic mulches (BD1, BD2), one oxo-biodegradable material (OB), two types of paper (PP1, PP2), and one barley straw cover (BS) were compared using two control treatments (standard black polyethylene [PE] and manual weed control [MW]). A total of 17 variables relating to yield, fruit quality, and weed control were investigated. Several multivariate statistical techniques were applied, including principal component analysis, cluster analysis, and discriminant analysis. A group of mulch materials comprised of OB and BD2 was found to be comparable to black polyethylene regarding all the variables considered. The weed control variables were found to be an important source of discrimination. The two paper mulches tested did not share the same treatment group membership in any case: PP2 presented a multivariate response more similar to the biodegradable plastics, while PP1 was more similar to BS and MW. Based on our multivariate approach, the materials OB and BD2 can be used as an effective, more environmentally friendly alternative to polyethylene mulches.
Introduction
Mulching is the most common worldwide technique employed by vegetable growers in protected cultivation. Manufactured plastic films (i.e. polyethylene) have been the most widely used materials for this purpose. These plastics are produced from petroleum derivatives, which besides being non-renewable resources, are not degradable, and thus pollute the environment for periods much longer than the crop duration (Moreno and Moreno, 2008; Martín-Closas and Pelacho, 2011) . Therefore, the best solution is to find a material with a lifetime similar to the crop duration time that can be later incorporated by the agricultural system through a biodegradation process (Martín-Closas and Pelacho, 2011) . In this context, several biodegradable materials have been used as alternatives in the last years, including oxo-biodegradable films, biopolymer mulches, different types of papers, and crop residues (Kasirajan and Ngouajio, 2012) .
The response of mulch materials as alternatives to polyethylene has been studied approaching only one variable or one specific category of variables, such as those related to weed control, crop yield, or fruit quality (Pires et al., 2006; Moreno et al., 2009) . In this regard, the analysis of variance (ANOVA) has been widely used to compare independently the corresponding mean values for each variable obtained in mulch materials in one or more crop cycles compared with polyethylene (Magnani et al., 2005; Cirujeda et al., 2012) . However, the literature review conducted for this article did not reveal previous studies that considered the existence of a group of mulch materials similar to the conventional polyethylene but more respectful with the environment while simultaneously evaluating various variables of different nature.
Multivariate data analysis gives specific information about the relationships among variables, as well as others derived from the entire data matrix (Martens and Martens, 2000; Cozzolino et al., 2009 ). These techniques have been widely used in specific agronomic areas such as sensory analyses (Pagés, 2004) and studies related to genetic variability or improvement (Chen et al., 2009; Leão et al., 2011) .
This study aimed to find a group of mulch materials with a similar response to the standard polyethylene considering weed control, crop yield, and fruit quality as variables, but more environmentally friendly.
Materials and Methods

Site description and field experiment
Field experiments were conducted in Ciudad Real, Spain (39º0' N; 3º56' W; altitude 640 m), during 2006, 2007, and 2008 in three adjacent plots, respectively. The region is characterised by a continental Mediterranean climate. Mean temperatures during the cropping seasons were 23.9, 21.9 and 22.6 ºC in years 2006, 2007, and 2008, respectively . Damaging hailstorm took place at the beginning of the crop season in 2007.
The soil at the experimental site is classified as an Alfisol, Xeralfs, Petrocalcic Palexeralfs (USDA, 2010). Soils were loamy-clay-sandy (plot for year 1) and loamy (plots for years 2 and 3), moderately basic (pH around 8.0), non-saline, and with a low-to-normal level of organic matter (18.4 to 22.0 g kg -1
). Trials were designed as randomised complete blocks with four replicates and eight treatments consist- , 15 % free amino acids, 3 % N).
Trial measurements
The variables analysed each year were arranged according to weed control, tomato yield and yield components, and fruit quality aspects. Weeds were tested in each treatment 63 days after transplanting. For these measurements, four 1 m × 0.2 m frames, 10 cm apart from the tomato row, were defined on each bed treatment (Anzalone et al., 2010) . The number of weeds was counted, and the weed soil cover was measured by image processing of digital photographs of the mulch surface and then expressed as a percentage. Additionally, aboveground dry weed biomass was determined at a temperature of 60 ºC.
The tomato fruits were harvested independently in each treatment (five plants per elemental plot) when ripe fruits accounted for approximately 80 % of the total healthy fruits in each treatment. The crop cycles lasted from 101 to 119 days, depending on both the season and mulch treatment. Fruits were classified as red marketable fruits, healthy green fruits with a diameter superior to 25 mm or non-marketable fruits, and then counted and weighed. For yield calculations, the marketable (i.e., the sum of red and large green fruits) and total yield as well as their components (i.e., fruit number and mean fruit weight) were considered. At harvest, several quality variables for processing tomatoes were measured in 20 marketable fruits selected at random from each elemental plot, including total soluble solids (ºBrix), pH and titratable acidity, firmness , juice content , dry weight and external fruit colour (Hunter L, a, b colour space).
The colour variable L is correlated with lightness and scaled from 0 (black) to 100 (white), while a represents a green-to-red, negative-to-positive scale. Finally, b represents a blue-to-yellow, negative-to-positive scale.
Statistical procedure: Multivariate analysis methods
The statistical procedure proposed by Lebart et al. (2006) was applied, which combines factorial methods with cluster analysis. The procedure was complemented with cluster discrimination determined from the exploratory data analysis. Average yields were approximately 30 % lower in 2007 than in 2006 and 2008 (data not shown), as result of the irrigation water restrictions and the hailstorm accounted at the beginning of the crop season. However, certain fruit quality variables (i.e., fruit dry matter and total soluble solids) were approximately 10 % higher in 2007 compared with the mean of the other two years. For these reasons, and when considering simultaneously such a large number of variables of different nature, a multivariate study was independently developed for each of the three years of the trial. Then, the following procedure was implemented with respect to the 17 variables analysed here. First, dimensionality reduction of the variable space was conducted through the principal component analysis (PCA). The number of extracted PCs each year was determined by using scree plots, where the number of components was represented in the X axis, and the corresponding eigenvalue of the correlation matrix in the Y axis. Thus, the number of extracted PCs corresponded to the number of components with eigenvalues in the sharply descending part of the plot and explained more than 70 % of the total variance. The factor matrices were rotated orthogonally (normalized Varimax method). Second, for the set of 32 observations (i.e., eight treatments x four replicates) defined by the extracted PC each year, a cluster analysis (CA) was performed to form possible clusters of mulch treatments (method UPGMA, Unweighted Pair Group Method using Arithmetic Mean), resulting in the corresponding dendrograms. To obtain the optimal cluster solution, a reference value of approximately 50 % of the root node distance was used in the dendrograms. It was assumed that a mulch treatment belonged to a certain cluster when it obtained at least 75 % of its observations, analyzing in detail the case of 50 % of them.
A discriminant analysis (DA) was done to classify the observations in the clusters obtained in the previous CA. The global cluster means were compared using classical statistics (Pagés, 2004) and PCs with low or non-discriminating power were excluded from the DA. The PCs revised each year with great discriminating power were used to obtain the corresponding canonical discriminant functions using the Fisher method (Fisher, 1936) . The obtained functions are linear expressions of the n variables considered and define some areas in the n-dimensional space. Thus, each observation can be found in a specific area, the one where the group about which is more Sci. Agric. v.70, n.4, p.250-256, July/August 2013 mean fruit weight were excluded from the initial study because of low sampling adequacy, less than 0.5 (Kaiser, 1974) .
The scree plot obtained as in Hair et al. (2009) suggested that the first five principle axes represented each year a sufficient amount of variance (76.52 %, 77.71 % and 77.37 %, respectively, Table 1 ). For this reason, the biplots with the first two axes did not show a great deal of patterns.
The main information derived from Table 1 is the importance of weed variables on the total variability of data in each of the three years of the study and their opposition to any yield components. Weed variables presented high coefficients in the first principal component (PC1) each year (24.92 %, 21.59 % and 20.44 % of the total variance, respectively). In these PC1, any yield variables appear with coefficients of opposite sign. As expected, the negative impact of weeds on yield components is exhibited in PC1 each year.
The effect of the colour variables on the total variability of the set of variables is clear, always appearing among the first three PCs. These findings are in line with those reported by Ordóñez-Santos et al. (2008) , who described the variability in tomato products by using the multivariate statistical tools of principal components and hierarchical analysis. L was opposed to a/b in each year (see the high coefficients of opposite sign in PC2 in both similar is localized. The first discriminating function (in the X axis of the discriminant space) corresponds to the highest eigenvalue of W -1 B, where W and B are the residual and inter-group covariance matrices, respectively. This function is responsible of the maximum separation among the mean group vectors. The maximum number of discriminant functions obtained on each occasion was equal to the minimum {k-1, n}, where k is the number of groups and n is the number of discriminating variables reviewed (Fisher, 1936; Hair et al., 2009 ). The discrimination of the function corresponding to the λ j eigenvalue is (λ j /Σλ j )×100.
All these analyses will give indications of similarities and differences between the mulches. Statistical analyses were implemented using SPSS v.19 statistical software and Infostat professional v.2007.
Results and Discussion
Characterisation of groups of mulch materials with homogeneous behaviour
Dimensionality reduction and factor interpretation in the reduced space
Tomato production was expressed through both marketable yield and marketable mean fruit weight; marketable and total fruit number, total yield and total and 2007 and PC3 in 2008 , in accordance with the results obtained by Carli et al. (2009) , and indicates that the red colour intensification in tomato fruits led to a decrease in the lightness of the fruit.
Fruit dry matter, firmness, and the L colour variables were opposite to the marketable yield (PC2) in 2006. Also in 2008, marketable yield was inversely correlated to fruit firmness (coefficients with opposite sign in PC1). In 2007, marketable mean fruit weight was opposite to the total soluble solids and fruit dry matter (PC3) ( Table 1 ), in agreement with Molyneux et al. (2004) and Ignatova et al. (2008) . However, these findings differ from those obtained by Carli et al. (2009) , who found a positive correlation between yield and fruit dry matter content. Particularly in 2007 (PC3 , Table 1 ), a strong positive correlation between total soluble solids and fruit dry matter was observed (Pearson correlation coefficient, 0.71), in agreement with Candido et al. (2006) when comparing the effect of soil solarisation on a tomato crop.
Establishment of groups of mulch materials with homogeneous behaviour
Dendrograms related to CA of the observations defined through the retained PCs (76.52 %, 77.71 % and 77.37 % of the variance, respectively, Table 1 ) were obtained (Figure 1 ). In 2006, the corresponding dendrogram ( Figure 1A) showed that most of the observations for the BD1, PP2 and MW treatments were included in a single cluster, with proximity between both BD1 and PP2 as well as between PP2 and MW. A second cluster incorporated 75 % of the observations for the PE, OB and BD2 treatments; in addition, a third cluster suggested an association between PP1 and BS mulch treatments.
The dendrogram for 2007 ( Figure 1B ) suggested an initial two-cluster solution. In the first, larger cluster, the observations corresponding to the plastic mulches and PP2 were very close, and as in the previous season, a close association between the latter and the BD1 was observed. In the second cluster, the observations corresponding to the PP1 and MW showed close proximity; BS was also incorporated into this cluster.
For 2008 ( Figure 1C ), a three-cluster solution was obtained. The largest cluster included all observations corresponding to PE, OB, BD2 and PP2. A second cluster incorporated 75 % of the observations of BS and 50 % of those of BD1; a third cluster clearly associated PP1 and MW (75 % and 100 % of the observations, respectively).
In summary, we considered three groups in 2006 (Group 1: PE, OB and BD2; Group 2: BD1, PP2 and MW; Group 3: PP1 and BS), two groups in 2007 (Group 1: PE, OB, BD1, BD2 and PP2; Group 2: PP1, BS and MW), and three groups in 2008 (Group 1: PE, OB, BD2 and PP2; Group 2: BD1 and BS; Group 3: PP1 and MW).
Discrimination among groups of treatments
A review of the PCs that defined the observations each year was performed (Table 1) . By season, the revised variables with discriminatory power among groups (F-test, p < 0.05) for the corresponding DA were: PC1, PC2, PC4, and PC5 in 2006; PC1 and PC2 in 2007; PC1, PC2, and PC4 in 2008.
The discriminant functions obtained each year and the discrimination percentage provided by them are shown in Table 2 . The mean scores of the different groups of treatments (group centroid coordinates), along with the correct classification rate for each year, were obtained (Table 3) . A high percentage of observations were classified correctly (93.80 %, 96.90 % and 93.80 % in 2006, 2007, and 2008, respectively) (Table 3) .
The PC1 extracted in the three years of the trial (i.e., weeds as opposed to any yield component) presented high coefficients in the discriminant functions. These coefficients and the centroid location of Groups 1 (PE groups) explain that these groups obtained the highest yield and weed control each year (Tables 1, 2, 3) . From the general analysis of Tables 1, 2 , 3, other specific interpretations are derived. As example, in 2006, the discriminant power exercised by the fruit quality variables was associated with PC5 (juice content), given its high coefficient in the first discriminant function, PC2 (fruit dry matter, firmness, L colour variable) and PC4 (ºBrix and acidity). This finding explains the lower fruit acidity and juice content obtained in Group 2 (centroid abscissa of -1.291) and the higher fruit dry matter and L colour variable obtained in Group 3 (centroid abscissa of 1.113) (Tables 1, 2, 3 ). That year, the weed variables (and opposite to them, the yield variables), were very influential on the second discriminant function (see the high PC1 coefficient in this function, Table 2 ). As the centroid ordinate corresponding to Group 1 was very low in relation to the other groups (-1.106, Table 3), then this Group was characterized by low PC1 values, which means that the PE group presented fewer weeds and higher yield than the other groups of treatments.
Presentation of characteristic groups of mulch materials
As the main result regarding the response of the treatments considered, the PE, the oxo-biodegradable OB, and the biodegradable BD2 belonged to the same group of mulch treatments over the three years of the study, leading to affirm the conclusion that they form a characteristic group of mulch materials in a processing tomato crop (Table 4a) .
The presence of the oxo-biodegradable material (OB) in the PE group was expected as result of its petrochemical origin. Across the three years of study, the biodegradable BD2 and the PE films stood out for having the highest mean marketable yields (12.1 and 11.7 kg m -2 , respectively).
A good yield response in BD2 was also observed in previous univariate studies on tomato crops (Martín-Closas et al., 2003) . In the same way, the proper effect of both biodegradable film and paper mulches on weed control has also been widely documented (Weber, 2003; Magnani et al., 2005; Cirujeda et al., 2012) . In this study, however, straw mulch controlled weeds more poorly, allowing for the appearance of 12 plants m -2 (3-yr average), which was 15 % greater than in polyethylene mulch.
PP1 and BS had the lowest marketable yields (10.26 and 10.52 kg m -2 , respectively), while PP2 paper produced similar yields as PE (11.58 kg m -2 ). The groups that contained BS in both 2006 (BS and PP1) and 2008 (BS and BD1) had high values for soluble solid and fruit dry matter contents (Tables 1, 2, 3) . This difference could be explained by an extra supply of nutrients from the straw to the soil, which could increase the biological activity, available phosphorous and exchangeable soil potassium (Pinamonti, 1998) . Consequently, the soil salinity could suffer a slight increase, favouring the fruit dry matter accumulation (Dorais et al., 2001 ) and the fruit soluble solids concentration (Cuartero and Fernández-Muñoz, 1999) . The results obtained for each of the two cropping seasons (2006-2007 and 2007-2008) were analysed independently (Table 4b ,c). The 2006-2008 combination is not included because it offered the same information as Table 4a . The two combined studies reported that the PP2 paper, contrary to initial expectations, was more closely associated with PE and biodegradable films (BD1 or BD2, depending on the case) than with the other paper tested (PP1) and the remaining treatments studied. PP1 was more closely associated with MW or BS, sharing group membership with them depending on the twoyear combination considered (Table 4b ,c). In any case, the group/s where PP1 paper, BS and MW appeared each year resulted to be different to the group that met at the same time the treatments PE, OB, and BD2 (Table  4a ,b,c).
Conclusions
The variables related to weed control were an • important source of discrimination, and they can be summarised in a single one (the first principal component, PC1, in each year).
OB (oxo-biodegradable) and BD2 (biodegradable) • films were comparable to black polyethylene. The PE, OB and BD2 group was clearly differentiated • from the other clusters that contained PP1 paper, BS, and MW. OB and BD2 could be considered as an effective, more • environmentally friendly alternative to polyethylene mulches.
